INTRODUCTION {#S1}
============

Bone mass peaks in mid and late adolescence, plateaus for several years and then inexorably declines to a point, usually in older individuals, during which skeletal fragility is enhanced and osteoporosis is established^[@R1]--[@R4]^. Acquisition of peak bone mass (PBM) is thought to reduce the subsequent risk of fracture whereas impaired peak acquisition or loss of bone during adolescence is associated with greater fracture risk. IGF-1 is a key factor in the endocrine regulation of body composition and is integral not only to the acquisition of PBM but also to the maintenance of bone mineral density^[@R5]--[@R9]^. In particular, IGF-1 and several of its binding proteins positively correlate with bone mass and can act as independent predictors for the risk of osteoporosis and incident fractures^[@R10]--[@R13]^.

The maintenance of adult bone mass is accomplished by skeletal remodeling^[@R3],[@R14]^. This remodeling is precisely coordinated by the activities of osteoblasts and osteoclasts^[@R15],\ [@R16]^. During bone remodeling, osteoclasts resorb bone, followed by recruitment of bone marrow MSCs for subsequent differentiation and bone formation. We have previously shown that TGF-β1 recruits MSCs to the bone resorptive sites in response to osteoclastic bone resorption coupling bone resorption and formation^[@R17]^. The recruited MSCs at bone resorption sites then undergo differentiation for bone formation. However, the osteogenic nature of the microenvironment at bone resorptive sites is not well known. IGF-1 is the most abundant growth factor deposited in the bone matrix^[@R12],\ [@R18]--[@R20]^ and has been implicated in the coupling process through its actions on MSC differentiation^[@R21]^. In this study, we found that the level of bone marrow IGF-1 was decreased during aging in rats and closely associated with the bone volume whereas serum levels of IGF-1 were relatively steady. IGF-1 released from bone matrix during bone resorption generates an osteogenic microenvironment and induces differentiation of recruited MSCs for new bone formation. Notably, IGF-1 activates mTOR through the PI3K-Akt pathway to induce differentiation of MSCs into osteoblasts. Thus we postulate that a primary function of IGF-1 in the bone matrix is to maintain bone mass and skeletal homeostasis during bone remodeling.

RESULTS {#S2}
=======

Knockout of *Igf1r* reduces bone formation during bone remodeling {#S3}
-----------------------------------------------------------------

Floxed *Igf1r* mice were crossed with the Osx-GFP:Cre mice under the transcriptional regulation of the *Osx1* promoter^[@R22]^ to generate conditional *Igf1r* knockout mice Osx-Cre; *Igf1r^fl/fl^* (*Igf1r*^−/−^)([Supplementary Fig. 1a,b](#SD1){ref-type="supplementary-material"}). The sizes of newborn *Igf1r*^−/−^ mice are similar for both genders to those of their wild-type littermates Osx-Cre (*Igf1r^+/+^*) ([Supplementary Fig. 1c--f](#SD1){ref-type="supplementary-material"}). Bone mineral density was decreased in 2 month old *Igf1r*^−/−^ mice relative to their wild-type littermates ([Fig. 1a,b](#F1){ref-type="fig"}). Particularly, *Igf1r*^−/−^ mice exhibited a significant loss in trabecular bone volume and thickness, and greater trabecular bone space relative to their wild-type littermates ([Fig. 1c--e](#F1){ref-type="fig"}). Similar results were observed in histomorphometric analysis ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). The trabecular bone deficiency in female *Igf1r^−/−^* mice was more impressive than their male *Igf1r^−/−^* littermates ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}), likely due to estrogen dependency of IGF-1 action in bone^[@R23]^. Analysis of calcein double-labeling demonstrated a decreased dynamic bone formation rate (BFR) in *Igf1r^−/−^* mice ([Fig. 1g,h](#F1){ref-type="fig"}). Interestingly, periosteal bone formation was not affected in *Igf1r^−/−^* mice ([Supplementary Fig. 2g](#SD1){ref-type="supplementary-material"}). The results suggest a critical role of IGF-1 in maintaining bone homeostasis in adult mice.

Mature osteoblasts are reduced at the bone remodeling surface of *Igf1r^−/−^* mice {#S4}
----------------------------------------------------------------------------------

The number of osteoblastic cells at different stages of osteoblast differentiation was measured by immunostaining of femur sections of *Igf1r*^−/−^ mice and their littermates (*Igf1r*^−/−^). Runx2-positive and Osterix-positive osteoprogenitors on bone surfaces of *Igf1r*^−/−^ mice were not significantly different from those of wild-type littermates ([Fig. 2a--c](#F2){ref-type="fig"}), Athough, the number of osteocalcin-positive mature osteoblasts on the bone surfaces were decreased significantly in *Igf1r*^−/−^ mice ([Fig. 2a,d](#F2){ref-type="fig"}). Additionally, the *Igf1r*^−/−^ mice with Osterix-Cre-mediated expression of GFP allowed us to visualize endogenous cells with specific deletion of *Igf1r* in the osteoblastic lineage *in vivo*. The *Igf1r* deficient osteoprogenitors were therefore GFP-positive and were primarily found at the bone surface. However the number of mature osteoblasts which were osteocalcin-positive was much less than that of wild type mice ([Fig. 2a](#F2){ref-type="fig"}). TRAP-positive mature osteoclasts in the *Igf1r*^−/−^ mice were not significantly different from their wild-type littermates ([Fig. 2e,f](#F2){ref-type="fig"}). Colony forming unit-fibroblast (CFU-F) and colony forming unit-osteoblast (CFU-Ob) assays showed that CFU-F of the *Igf1r*^−/−^ mice was not significantly different from their wild-type littermates ([Fig. 2g,h](#F2){ref-type="fig"}), but CFU-Ob was reduced in the *Igf1r*^−/−^ mice ([Fig. 2g--i](#F2){ref-type="fig"}), further indicating that mature osteoblasts on bone surfaces were reduced due to the inhibited differentiation of MSCs recruited to the bone remodeling surface.

IGF-1 induces osteoblast differentiation of Sca-1^+^ MSCs through activation of mTOR {#S5}
------------------------------------------------------------------------------------

We wished to elucidate the signaling mechanism of IGF-1 induced Sca-1^+^ MSCs to osteogenic differentiation. IGF-1 stimulates MSCs-mediated mineralization in Alizarin red staining ([Fig. 3a](#F3){ref-type="fig"}). Inhibitor LY294002 (10 µM) for PI3K or rapamycin (20 nM), an inhibitor of mTOR, impaired the mineralization but did not affect cell growth and survival ([Fig. 3a](#F3){ref-type="fig"}). Moreover, IGF-1 stimulates phosphorylation of IGF1R, IRS1, PI3K, Akt and mTOR of Sca-1^+^ MSCs. While the phosphorylation of PI3K, Akt and mTOR were reduced by a PI3K inhibitor, rapamycin only inhibited phosphorylation of mTOR ([Fig. 3b](#F3){ref-type="fig"}), indicating that IGF-1 activates mTOR through the PI3K-Akt pathway in Sca-1^+^ MSCs. When *Irs1* was knocked down in Sca-1^+^ MSCs with *Irs1* targeting siRNA, phosphorylation of PI3K, Akt and mTOR induced by IGF-1 (20 ng ml^−1^, 15 minutes) was inhibited ([Fig. 3c](#F3){ref-type="fig"}), confirming that IRS1 mediates IGF-1 induced activation of mTOR. Importantly, rapamycin inhibited IGF-1 induced expression of markers of osteoblast differentiation including Osterix (*Sp7*), *Runx2*, Alkaline phosphatise (*Alp*), Osteocalcin (*Bglap*), Osteoglycin (*Ogn*) and Osteoactivin (*Gpnmb*) ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}).

To investigate the role of mTOR in IGF-1 induced MSC differentiation *in vivo*, we isolated Sca-1^+^ MSCs from *Igf1r^fl/fl^* mice and deleted *Igf1r* by adenoviral-mediated expression of Cre with GFP (Ad-Cre-GFP) or GFP only (Ad-GFP) as a control. The *Igf1r*^−/−^ or *Igf1r^fl/fl^* MSCs embedded in matrigel were transplanted underneath the renal capsule of immune-deficient *Rag2*^−/−^ mice injected with rapamycin (3 mg kg^−1^ per day) or vehicle daily for 4 weeks ([Fig. 3d](#F3){ref-type="fig"}). *Igf1r^fl/fl^* MSCs underwent osteoblast differentiation and mineralization underneath the renal capsule as shown by H&E, Alizarin red and immuno-histology of osteocalcin staining ([Fig. 3d](#F3){ref-type="fig"}). Similar to the results of *Igf1r^−/−^* MSCs, osteoblast differentiation and mineralization of *Igf1r^fl/fl^* MSCs were inhibited by rapamycin ([Fig. 3d](#F3){ref-type="fig"}). Furthermore, 6 week old wild type C57BL/6 mice were subcutaneously injected with rapamycin daily (3mg kg^−1^ per day) for 4 weeks. The number of osteocalcin-positive osteoblasts on the bone surface decreased significantly relative to their vehicle-injected littermates ([Fig. 3e,f](#F3){ref-type="fig"}), whereas the number of osteoclasts remained unchanged ([Fig. 3e,f](#F3){ref-type="fig"}). Significant reduction of new bone formation by Trichrome staining ([Fig. 3e](#F3){ref-type="fig"}) and trabecular bone loss by μCT analysis ([Fig. 3g,i,j](#F3){ref-type="fig"} and [Supplementary Table 1](#SD1){ref-type="supplementary-material"}) were also observed, but the number of CFU-Fs was not affected by introduction of rapamycin ([Fig. 3g,h](#F3){ref-type="fig"}). Taken together, IGF-1 activates mTOR through the IRS1-PI3K-Akt pathway to regulate osteoblast differentiation of MSCs for bone formation.

IGF-1 released from bone matrix induces osteoblast differentiation of MSCs {#S6}
--------------------------------------------------------------------------

The recruited MSCs at bone resorptive sites undergo differentiation for new bone formation but the osteogenic nature of the microenvironment at bone resorptive sites is not well known. We therefore examined the levels of phosphorylated IGF1R in the bone resorption areas by co-staining with TRAP-positive osteoclasts. The phosphorylated IGF1R is primarily found at the bone surfaces along the bone resorptive sites as defined by the presence of mature TRAP-positive osteoclasts while the IGF1R positive cells are evenly distributed in the bone marrow ([Fig. 4a](#F4){ref-type="fig"}), suggesting that active IGF-1 is released during osteoclastic bone resorption. Transplanted GFP-labeled mouse Sca-1^+^ MSCs on bone surfaces were identified by immunostaining with an anti-GFP antibody and quantified. There was no significant difference on the bone surface between Ad-Cre-GFP MSCs and Ad-GFP MSCs at 2 weeks after injection ([Fig. 4b,c](#F4){ref-type="fig"}). The embedded GFP-positive *Igf1r^fl/fl^* MSCs into the bone matrix were significantly higher relative to the *Igf1r*^−/−^ MSCs at 4 weeks after injection ([Fig. 4b,d](#F4){ref-type="fig"}). The survival rate of the injected GFP-labeled MSCs in the bone marrow was analyzed by flow cytometry 2 weeks after transplantation and the results indicate that deletion of IGF1R did not affect the survival rate of the MSCs in the bone marrow ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}).

We reasoned that the IGF-1 released from bone matrix comprises the osteogenic microenvironment for the induction of osteoblast differentiation. Osteoclast precursors or mature osteoclasts were cultured with or without bone slices *in vitro* and the culture media was collected to examine their effects on the osteoblastic differentiation of MSCs. Bone resorption-conditioned media (BRCM) from mature osteoclasts with bone have the highest capability to induce alkaline phosphatase activity, a marker for osteoblast differentiation ([Fig. 4e](#F4){ref-type="fig"}). IGF-1 was detected only in the BRCM from osteoclastic bone resorption but not in other conditioned media ([Fig. 4f](#F4){ref-type="fig"}). Osteoclastic bone resorption media stimulated phosphorylation of IGF1R, IRS1, PI3K, Akt and mTOR within 1 hour after treatment ([Fig. 4g](#F4){ref-type="fig"}). Moreover, addition of an antibody specific for IGF-1 to the BRCM significantly inhibited the activity of alkaline phosphatase, whereas noggin (an antagonist for BMPs) and the antibodies against IGF-II and PGDF had no or minimal effects on alkaline phosphatase activity ([Fig. 4h](#F4){ref-type="fig"}), suggesting that IGF-1 is the primary factor for the osteogenic microenvironment at bone resorptive sites. Moreover, deletion of IGF1R in MSCs isolated from *Igf1r* floxed mice blocked their osteoblast differentiation induced by BRCM, evident by both alkaline phosphatase staining and Alizarin red staining ([Fig. 4i,j](#F4){ref-type="fig"}). Thus, IGF-1 released from the bone matrix induces osteoblast differentiation of MSCs recruited by TGF-β1 in the process of coupling bone resorption and formation.

Age-related bone loss is associated with IGF-1 in the bone matrix of rats {#S7}
-------------------------------------------------------------------------

We assessed the level of IGF-1 and IGFBP3 in the bone matrix and its potential correlation with bone mass of rats at ages 1, 4, 8, 12, and 20 months. We found that the bone volume and bone mass steadily increased from 1 to 8 months after birth and then decreased continuously ([Fig. 5 a--c](#F5){ref-type="fig"}). PBM was also observed at 8 months of age. Notably, changes of IGF-1 and IGFBP3 levels in the bone matrix are well correlated with the changes in bone mass cited above ([Fig. 5d,e](#F5){ref-type="fig"}) and the number of osteoblasts also decreased with increased age ([Supplementary Fig. 5a,b](#SD1){ref-type="supplementary-material"}). In contrast, The level of IGF-1 in the serum was much higher than that in bone marrow and did not exhibit considerable decreases with aging ([Fig. 5f](#F5){ref-type="fig"}). However, IGFBP3 showed an age-dependant decrease in sera ([Fig. 5g](#F5){ref-type="fig"}). Interestingly, in humans, IGF-1 and IGFBP3 levels in the bone marrow were also correlated with the changes in bone mass during aging. Notably, in osteoporotic individuals with hip fractures, IGF-1 level of bone marrow was 40% lower relative to controls with normal bone mass ([Supplementary Fig. 5d and Supplementary table 2](#SD1){ref-type="supplementary-material"}).

To determine whether aging affects the ability of IGF1R activation on MSCs, bone marrow cells were isolated from rats at 1, 4 and 20 months for the CFU-F assay. A single colony was picked and expanded, cultured and treated with IGF-1 (20 ng ml^−1^) for 10 minutes. There was no significant difference in IGF1R activation in MSCs from young, adult and old rats by Western blot analysis ([Supplementary Fig. 5e](#SD1){ref-type="supplementary-material"}). The correlation of bone matrix IGF-1 levels with bone mass measurements suggests an important role of bone matrix IGF-1 in maintaining bone mass.

Increase of IGF-1 in the bone matrix attenuates bone loss in aged animals {#S8}
-------------------------------------------------------------------------

To assess whether IGFBP3 binds IGF-1 in the extracellular matrix and enhances its activity, we injected either vehicle, IGF-1, IGFBP3, or IGF-1 plus IGFBP3 into the distal femur cavity of 20 month old rats once a week for 4 weeks. The level of IGF-1 and IGFBP3 in the serum, marrow, and bone matrix were measured 10 days after the last injection. IGF-1 levels in the bone matrix and marrow were significantly higher in rats with injection of IGF-1 plus IGFBP3 than in rats injected with IGF-1, IGFBP3 only or vehicle ([Fig. 6a](#F6){ref-type="fig"}). The IGFBP3 levels in bone matrix also increased with injection of IGF-1 plus IGFBP3 and IGFBP3 only relative to the vehicle group ([Fig. 6b](#F6){ref-type="fig"}). Serum IGF-1 and IGFBP3 levels remain unchanged in all injection groups ([Supplementary Fig. 5f](#SD1){ref-type="supplementary-material"}). This suggests that IGFBP3 regulates IGF-1 deposition in the bone matrix and its lifespan in the bone marrow.

Of note, both bone volume and bone density were increased in rats with injection of IGF-1 only or IGF-1 plus IGFBP3 ([Fig. 6d,e](#F6){ref-type="fig"}). However, bone formation in the IGF-1 only group occurred in clusters structurally deficient of natural trabecular bone whereas injection with IGF-1 plus IGFBP3 allowed for both improvements in bone mass and micro-architecture ([Fig. 6c--f](#F6){ref-type="fig"}). Analysis of contralateral controls indicated that such changes in bone are limited to the injected femur ([Supplementary Fig. 5g--i](#SD1){ref-type="supplementary-material"}). H&E and immunohistology for osteocalcin of femur sections showed that a significant number of osteoblast-like cells or osteocalcin-positive osteoblasts were scattered throughout the bone marrow ([Fig. 6c](#F6){ref-type="fig"}) in IGF-1 only injected groups. Importantly, in the IGF-1 plus IGFBP3 injected rats, osteocalcin-positive osteoblasts were primarily found on the bone surface ([Fig. 6g,h](#F6){ref-type="fig"}). Osteoclast numbers did not change significantly. The results indicate that IGFBP3 mediated the association of IGF-1 to the bone extracellular matrix for de novo bone formation at the bone surface. To test whether circulating IGF-1 and IGFBP3 can target and become immobilized in the bone matrix. Either IGF-1, IGF-1 plus IGFBP3, or vehicle was infused into the circulation of 4 week old liver-specific IGF-1 gene deletion (LID) mice with osmotic pumps for 4 weeks. Infusion of IGF-1 plus IGFBP3 significantly increased both IGF-1 and IGFBP3 in the bone matrix (*p* \< 0.05). ([Fig. 6i](#F6){ref-type="fig"}) and enhanced trabecular bone formation relative to LID mice infused with IGF-1 alone or a vehicle (*p* \< 0.05) ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}). Our results suggest that IGFBPs such as IGFBP3 facilitate the deposition of IGF-1 in the bone matrix for its function during bone remodeling.

DISCUSSION {#S9}
==========

Bone formation is an energy consuming metabolic process in which there is significant bone matrix synthesis and mineralization by osteoblasts. IGF-1 regulates this new bone formation by acting more as a differentiation factor than a mitogen for osteoblasts. We found that IGF-1 induces osteoblast differentiation of Sca-1^+^ MSCs through activation of mTOR. Inhibition of mTOR activity by rapamycin blocked IGF-1 induced osteoblast differentiation of Sca-1^+^ MSCs and mineralization. mTOR is critical as a signaling molecule relative to both whole organ and cellular energy metabolism in response to nutrient availability and several environmental stimuli^[@R24]^. The mTOR pathway when genetically down-regulated increases life span and stem cell homeostasis in evolutionarily diverse organisms including mammals^[@R24]^. IGF-1 is also an important determinant of body size and lifespan in animals. Our data demonstrating that the regulation of osteoblast differentiation from MSCs in the bone remodeling unit by IGF-1 through mTOR may help explain the mechanism of IGF-1 regulation of body size and longevity^[@R25],\ [@R26]^. In addition, the mTOR complex has emerged as a key regulator of cell migration and chemotaxis^[@R27]^, suggesting that IGF-1 may also facilitate the recruitment of MSCs in the coupling process during bone remodeling. In the coupling process, active IGF-1, released from bone matrix, induces differentiation of MSCs recruited by TGF-β1 ([Fig. 6j](#F6){ref-type="fig"}).

Although most fracture prevention efforts for osteoporosis have been directed at inhibition of age-related bone loss, evidence is growing that bone maintenance during early adult life is an important contributor to bone strength during aging^[@R12],\ [@R28]--[@R31]^. IGF-1 is the most abundant factor deposited in the bone matrix throughout life^[@R32]^. Levels of IGF-1 in the circulation and in bone matrix decline significantly with age in both men and women^[@R33]--[@R35]^. This is most likely due to a reduction in growth hormone secretion. Notably, skeletal IGF-1 content in human bones also decline almost 60% between the ages of 20 and 60 years^[@R36]^. However, mice circulating IGF-1 is much higher than that of humans and the level of human IGF-II in circulation is higher than that of IGF-1. Furthermore, IGF-1 levels serum blood do not change with age in mice whereas in humans they progressively decrease with age to less than 100 ng ml^−1^ around 60 years of age. Importantly, bone matrix IGF-1 in both humans and rodents decrease with age. In our study we found a significant reduction in bone marrow IGF-1 levels amongst osteoporotic individuals with very low bone density undergoing hip replacements. Although both osteoarthritis and osteoporosis subjects were age matched, one limitation was that we could not evaluate healthy aged controls. In spite of this limitation and consistent with our findings, in a previous clinical trial hip fracture individuals treated with an IGF-1 plus IGFBP3 complex had significant functional improvements and a blunting in femoral bone loss post fracture compared to vehicle-treated osteoporotic control subjects after hip fracture^[@R37]^, whereas, IGF-1 administration alone has not been shown to enhance bone mass or improve functional outcomes in older individuals. Taken together, the clinical observations and our rodent data suggest that the essential pool of IGF-1 in the bone matrix may not be sufficiently available for new bone formation during the aging process. Therefore, modulation of IGF-1 deposition in the bone matrix could potentially be a therapeutic approach to delay or prevent osteoporosis.

Supplementary Material {#SM}
======================

This research was supported by National US Institutes of Health Grant AR 053973 (XC).

**AUTHOR CONTRIBUTIONS**

L.X., X.W., M.L. and L.P performed the majority of the experiments, analyzed data and prepared the manuscript. T.Q. maintained mice, collected tissue samples and helped with μCT analyses. L.P. helped with the in *vitro* transwell migration assay. J.P.R finished the human sample detection. X.J. and L.Z. assisted with rat in *vivo* experiments. J.C., F.F., C.J.R., S.Y., S. X., A.E and M.W. provided suggestions for the project and critically reviewed the manuscript. X.C. supervised the project and wrote most of the manuscript.

![Reduced bone formation during bone remodeling in *Igf1r*^−/−^ (Osx-Cre; *Igf1r^fl/fl^*) mice\
(**a**) Representative μCT images of femora from a 3-month-old female *Igf1r*^**−/−**^ (Osx-Cre; *Igf1r^fl/fl^*) mouse and wild type littermate *Igf1r^+/+^* mouse (Osx-Cre). Scale bars: 1 mm. (**b--e**) Quantitative μCT analysis of the secondary spongiosa of proximal tibiae. Volumetric bone mineral density (BMD) (**b**), trabecular bone volume fraction (TBV/TV) (**c**), trabecular number (Tb. N) (**d**), and trabecular separation (Tb. Sp) (**e**). (**f**) H&E histological sections of tibiae from 3-month-old *Igf1r^+/+^* and *Igf1r*^**−/−**^ mice. Scale bar: 1 mm. (**g**) Calcein double labeling of the metaphyseal trabecular bone at distal femora (Scale bar: 1 mm). (**h**) Bone formation rate per bone surface (BFR/BS). Data represent the mean ± SEM. *n* = 10. \**p* \< 0.05.](nihms371289f1){#F1}

![Suppressed osteoblast maturation in *Igf1r*^−/−^ (Osx-Cre; *Igf1r^fl/fl^*) mice\
(**a**) Immunohistochemical analysis of Runx2, Osterix, and Osteocalcin performed on trabecular bone sections from distal femora of 3-month-old female *Igf1r*^−/−^ (Osx-Cre; *Igf1r^fl/fl^*) mouse and wild type littermate mouse *Igf1r^+/+^* (Osx-Cre). Osx-GFP expressing cells observed by direct fluorescence microscopy appear green, immunofluorencent staining for osteocalcin visualize red (**far right panel**). Scale bar: 100 µm. (**b--d**) Numbers of Runx2, Osterix, and Osteocalcin positive cells on bone surface, measured as cells per millimeter of perimeter in sections. *n* = 5. \**p* \< 0.05. (**e**,**f**) Light micrographs of tartrate-resistant acid phosphatase (TRAP)-staining performed on trabecular bone sections from distal femora of mice. Number of osteoclasts per tissue area (N.Oc/T,Ar) was measured. Data represent the mean ± SEM. *n* = 10. \**p* \< 0.05. (Scale bar: 100 µm) (**g**) CFU-F and CFU-Ob assays from harvested bone marrow of the mice as indicated. Representative images of CFU-Fs stained with crystal violet (**top panels**). Representative images of CFU-Obs stained with Alizarin Red (**bottom panels**). (**h,i**) Quantifications of the CFU-F and CFU-Ob assays. Data represent the mean ± SEM. of triplicate cultures of bone marrow nucleated cells pooled from five individual mice. \**p* \< 0.05.](nihms371289f2){#F2}

![IGF-1 induces osteoblastic differentiation of MSCs through the IRS-PI3K-Akt-mTOR pathway\
(**a**) Alizarin red staining showing Osteoblastic differentiation of Sca-1^+^ MSCs induced by IGF-1 as indicated (**top panels**). Alive cells number was determined by hematoxylin staining (**bottom panels**). Scale bar: 100 µm. (**b**) Western blot analysis of IGF-1 induced phosphorylation of IGF1R, IRS1, PI3K, Akt, and mTOR in Sca-1^+^ MSCs treated with IGF-1 (20 ng ml^−1^) or vehicle in the presence or absence of LY294002 (10 µM) or rapamycin (20 nM) for 15 minutes as indicated. (**c**) Western blot analysis of IGF-1-induced phosphorylation of IRS1, PI3K, Akt, and mTOR in Sca-1^+^ MSCs treated by IGF-1 after transfected with *Irs1 siRNA* or control *siRNA.* (**d**) IGF-1 induced Sca-1^+^ MSCs differentiation underneath renal capsules. The renal sections were analyzed by direct GFP fluorescence visualization, H&E staining, Alizarin red staining or immunohistology for osteocalcin. Scale bar: 100 µm. (**e--g**) Rapamycin impairs trabecular bone formation. Representative images of mouse distal femora sections with staining of Golder's Trichrome, osteocalcin or TRAP (**e**). Scale bar: 100 µm. Histomorphometric analysis of remodeling trabecular bone after treated with rapamycin: number of osteoblast per bone perimeter (**f left**), number of osteoclast per bone perimeter (**f center**), Osteoid volume/bone volume (**f right**), μCT Representative images of distal femora (**g top**), Scale bar: 1 mm. CFU-F assays (**g,h**), trabecular bone volume fraction (TBV/TV) (**i**) trabecular bone mineral density (TBMD) (**j**). Data represent the mean *±* SEM. n = 5. \**p* \< 0.05.](nihms371289f3){#F3}

![Osteoclastic bone resorption-conditioned medium (BRCM) induces osteogenic differentiation of MSCs\
(**a**) Immunohistochemical analysis of the trabecular bone sections of mouse distal femora with antibodies against IGF1R (**Left**) and p-IGF1R (**Right**). Scale bar: 200 µm. (**b**) Immunohistochemical analysis of femora sections of 3 months old mice transplanted with GFP-labeled mouse MSCs with GFP antibody. Scale bar: 100 µm. (**c**,**d**) Quantification of GFP^+^ cells on bone surface 2 weeks after transplantation or in bone matrix 4 weeks after transplantation. *n=5*. \**p*\< 0.05. (**e**) ALP staining for the differentiation potential of MSCs cultured in various conditioned media as indicated. 1-medium only, 2-Bone slice only, 3-Osteoclast precursor culture, 4-Osteoclast precursors cultured with bone slice, 5-Osteoclast culture, 6-Osteoclasts cultured with bone. (**f**) ELISA analysis of IGF-1 levels in BRCM. *n* = 3. \**p* \< 0.05 versus Oc+ bone group. (**g**) Western blot analysis of the effect of various condition media on phosphorylation of IGF1R, IRS1, PI3K, Akt, and mTOR in MSCs. (**h**) ALP staining for the differentiation potential of MSCs cultured in BRCM with addition of individual neutralizing antibodies (Ab) or noggin, as indicated. (**i**) ALP staining and (**j**) Alizarin red staining for the effect of BRCM on differentiation potential of Sca-1^+^ MSCs isolated from *Igf1r^fl/fl^* by infection with adenovirous-Cre (Ad-Cre-GFP) or Ad-GFP (**j, top**). Western blot analysis of IGF1R in MSCs (**j, bottom**).](nihms371289f4){#F4}

![Analysis of IGF-1 and IGFBP3 levels in blood, bone marrow and bone matrix in relation to bone mass during aging of rats\
(**a**) Representative μCT images of distal femora from rats of 1, 4, 8, 12, and 20 months. Scale bars: 1 mm. (**b**, **c**) Quantitative μCT analysis of the distal femur. trabecular bone volume fraction (TBV/TV) (**b**)Trabecular bone mineral density (BMD) (**c**). (**d**) IGF-1 concentrations in bone matrix extraction. (**e**) IGFBP3 concentration in bone matrix extraction. (**f, g**) Levels of IGF-1(**f**) and IGFBP3 (**g**) in bone marrow and peripheral blood serum at different ages. Data represent mean ± SEM of triplicate repeat for each sample and 10 individual rats for each time point. \**p* \< 0.05 versus 1 month group.](nihms371289f5){#F5}

![Increase of IGF-1 in the bone matrix attenuates bone loss\
(**a**,**b**) IGF-1 and IGFBP3 concentrations in bone matrix extraction (**a and b left**) and bone marrow (**a and b right**) of 20 months old rats locally injected with vehicle (Veh), IGF-1, IGF-1 plus IGFBP3 (IGF-1/IGFBP3) or IGFBP3 only. (**c**) Representative images of three dimensional μCT of distal femora injected with Veh, IGF-1, IGF-1/IGFBP3 or IGFBP3. Scale bar: 1 mm. (**d**,**e**) Quantitative μCT analysis of the distal femora. trabecular bone volume fraction (TBV/TV) (**d**), Trabecular volumetric bone mineral density (TBMD) (**e**). (**f**) H&E (**top**) and immunostaining for osteocalcin (**bottom**) of femur sections from the rats with indicated injection. Osteoblast cells are shown with red arrows. Scale bar: 100 µm. (**g**) Number of osteoblasts (**left**) and osteoclasts (**right**) of remodeling trabecular bone quantified by histomorphometric analysis. (**h**) Quantification of osteocalcin-positive cells on bone surface (**left**) and in total tissue area (**right** (**i**) Concentrations of IGF-1 (**left**) and IGFBP3 (**right**) in bone matrix extraction of LID mice or their littermates infused with Veh, IGF-1 only or IGF-1 plus IGFBP3 by osmotic pumps. All data represent the mean ± SEM. *n* = 10. \**p* \< 0.05 (**j**) Schematic diagram of bone matrix IGF-1 induced osteoblast differentiation of MSCs during bone remodeling. TGF-β1 recruits MSCs to the bone resorptive site in response to osteoclastic bone resorption, and IGF-1 released from bone matrix comprises the osteogenic microenvironment for differentiation of recruited MSCs.](nihms371289f6){#F6}
